The elimination of divacancies (V 2 ) upon isochronal and isothermal annealing has been studied in oxygen-rich p-type silicon by means of deep level transient spectroscopy (DLTS) and high resolution Laplace DLTS. Divacancies were introduced into the crystals by irradiation with 4 or 6 MeV electrons. The temperature range of the divacancy disappearance was found to be 225-300 C upon 30 min isochronal annealing in the samples studied. A clear anti-correlation between the disappearance of V 2 and the appearance of two hole traps with activation energies for hole emission of 0.23 eV and 0.08 eV was observed. It is argued that these traps are related to the first and second donor levels of the divacancy-oxygen (V 2 O) complex, respectively. Significant electric field enhancement of the hole emission from the second donor level of the V 2 O center occurred in the diodes studied. It is shown that in the range of electric field from 4 Â 10 3 to 1.2 Â 10 4 V/cm the emission enhancement is associated with phonon-assisted tunnelling. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The divacancy (V 2 ) is a fundamental and technologically important defect in silicon. It influences the electrical and optical properties of Si crystals and being an effective recombination center affects the minority carrier life time and, consequently, performance of bipolar devices, radiation detectors and solar cells.
1-3 V 2 is induced in silicon by irradiation with high energy particles (electrons, neutrons, ions, etc.). 4, 5 It has been shown recently that divacancies can be introduced in significant concentrations into Si materials during technological steps used in solar cell production. 3 V 2 is formed either as a multiple displacement defect in the primary radiation damage event or as a result of interaction between two monovacancies. The two vacancies in the complex are positioned at adjacent lattice sites. 4 The centre can exist in four charge states from the doubly negatively charged to the singly positively charged and introduces three deep levels, V 2 (À2/À), V 2 (À/0), and V 2 (þ/0), into the band gap located at E c À 0.24 eV, E c À 0.42 eV, and E v þ 0.19 eV, respectively. [1] [2] [3] [4] [5] [6] [7] [8] [9] It has been shown that divacancies can migrate rather long distances prior to dissociation. 4 The activation energy for the diffusion of V 2 has been found to be about 1.3 eV. 4, [10] [11] [12] The migrating V 2 can interact with other imperfections in the Si lattice. In particular, oxygen atoms were found to be effective traps for V 2 , and the divacancy-oxygen interaction was shown to be the main mechanism of the V 2 elimination upon annealing of irradiated Czochralski-grown (Cz) Si crystals. 4, 9, 10, [13] [14] [15] [16] [17] An EPR Si-A14 signal and an absorption line at 833.4 cm À1 have been assigned to a complex incorporating the divacancy and an oxygen atom (V 2 O). 14, 16 Deep level transient spectroscopy (DLTS) studies on irradiated and annealed n-type Si crystals have shown that the V 2 O center possesses two acceptor levels at E c À 0.23 eV and E c À 0.47 eV. 9, 10, 17 In p-type Si crystals a level at E v þ 0.24 eV, which appeared simultaneously with the disappearance of V 2 upon annealing, has been assigned to a donor level of the V 2 O complex. 15 We have argued in a recent work that in addition to the first donor level at E v þ 0.236 eV the V 2 O center possesses a second donor level at E v þ 0.087 eV. 18 The assignment of the above level to V 2 O has, however, been questioned recently. 19, 20 Bearing in mind that the V 2 O center is a technologically important defect, which is thought to be responsible for the degradation of silicon based particle detectors, 21 we have carried out a detailed study of divacancy annealing in oxygen-rich p-type Si crystals and obtained conclusive information on electronic properties of the donor levels of the V 2 O defect.
II. EXPERIMENTAL DETAILS
The n þ -p-p þ diodes used in this study were produced on boron-doped epi-Si (q % 20 XÁcm), which was grown on highly boron-doped (q % 0.005 XÁcm) Cz-Si wafers. The diodes were formed by implantation of phosphorus ions with subsequent annealing at 1150 C in a nitrogen-oxygen gas ambient. The processing resulted in an enrichment of the epi layer with oxygen. Oxygen concentration in the samples was estimated from the rate of transformation of radiation-induced interstitial carbon atoms to the interstitial carbon-interstitial oxygen defects with the use of data presented in Ref. 22 . The oxygen concentration was found to be about 2 Â 10 17 cm À3 in the epi layer. All the samples were irradiated with 4 or 6 MeV electrons using a linear accelerator. The flux of electrons was 1 Â 10 12 cm À2 s
À1
, and the temperature of the samples during irradiation did not exceed 50 C. Thermal anneals of the irradiated structures were carried out in a furnace in a dry N 2 ambient.
Current-voltage and capacitance-voltage measurements at different temperatures were carried out in order to check the quality of the diodes and to determine the concentration of non-compensated shallow acceptors and the distribution of electric field in the depletion region. Deep electronic levels were characterized with conventional DLTS and Laplace DLTS (LDLTS) techniques. 23 The LDLTS technique with the application of constant bias voltage and two filling pulses of different magnitude (double LDLTS) was used to obtain the dependencies of electron emission rates on the electric field strength for deep level traps in the irradiated and annealed Si crystals. Figure 1 shows a conventional DLTS spectrum for an n þ -p-p þ diode, which was subjected to irradiation with 4 MeV electrons and a subsequent heat-treatment at 200 C for 30 min. The heat-treatment at 200 C was used in order to remove some unknown defects producing minor DLTS peaks associated with hole traps, which were unstable at temperatures slightly above 350 K and were not relevant to the present study. All the peaks seen in the DLTS spectra are related to radiation-induced defects. The heat-treatment at 200 C has also resulted in the removal of the interstitial boron-interstitial oxygen (B i O i ) defect with its donor level in the upper half of the gap, which is not seen in conventional DLTS in p-type Si but can be detected using minority carrier techniques. [24] [25] [26] The disappearance of the B i O i center has been accompanied by the appearance of a DLTS peak with a peak maximum at about 151 K, which is thought to be related to the interstitial boron-substitutional carbon complex. 27 The DLTS spectrum shown in Fig. 1 , resembles those reported in the literature for electron-irradiated boron-doped oxygen-rich Si crystals. 15, 18, [24] [25] [26] [27] [28] We have determined electronic signatures {activation energy for hole (electron) emission [E h(e) ] and pre-exponential factor (a)} for the dominant traps from Arrhenius plots of T 2 -corrected hole emission rates measured with the use of LDLTS. A comparison of the derived values for hole traps responsible for the dominant peaks with maxima at 120
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) in the spectrum with those known from the literature for radiation-induced defects in Cz-Si:B crystals allows us to associate these peaks with hole emission from the singly positive charge states of V 2 and the interstitial carbon-interstitial oxygen complex, respectively. 15, 18, [24] [25] [26] [27] [28] It should be noted that the removal of the B i O i defect upon annealing at 200 C has not influenced significantly the concentration of V 2 .
In the following, we will concentrate only on the annealing behaviour of the divacancy and formation behaviour and electronic properties of hole traps, which appear simultaneously with the disappearance of V 2 . After anneals in the temperature range 100-200 C, a small decrease in intensity of the V 2 related peak without changes in the peak position has been observed. Fig. 2 shows changes in the conventional DLTS spectra upon 30 min isochronal annealing in the temperature range 200-300 C and isothermal annealing at 240 C. Isochronal heat-treatments in the range 225-300 C and annealing at 240 C resulted in a gradual shift of the V 2 related peak to higher temperatures with a small increase in the peak magnitude after annealing at 300 C or the final treatment at 240 C. We have applied the Laplace DLTS technique to monitor the changes upon annealing in the emission spectra in the temperature range 120-130 K. The changes in the Laplace DLTS spectra measured at 125 K after isothermal annealing steps at 240 C are shown in Fig. 3 . It is obvious that the disappearance of the V 2 related emission peak upon annealing occurs simultaneously with the growth of another emission signal with lower emission rate. Electronic signatures of the resulting trap have been determined by averaging the values derived from Arrhenius plots of emission rates measured on a few samples after different annealing steps and found to be E h ¼ 0.23 6 0.005 eV and a ¼ 8.9 Â 10 6 s À1 K
À2
. We will refer to this trap as the H 230 trap in the following. It should be mentioned that the Laplace DLTS measurements in the temperature range 130-140 K shows that there is another trap with its formation behaviour being very similar to that of the H 230 trap. The concentration of this trap is about quarter of that for H 230 and its electronic signatures are E h ¼ 0.235 6 0.005 eV and a ¼ 2.0 Â 10 6 s À1 K
. Fig. 2 shows that two peaks with their maxima at about 53 K and 73 K gradually grow with increases in annealing temperature or annealing time at 240 C. The magnitude of the peak with its maximum at 53 K after the final heattreatments is close to that of the V 2 related peak after anneal- The H 235 and H 120 traps were previously suggested to be related to the first and second donor levels of the trivacancy-oxygen (V 3 O) defect. 18 Results obtained in the present work confirm the validity of this suggestion. It was shown in our previous studies that the annealing behaviours of the V 2 and V 3 defects are very similar in oxygen-rich n-type crystals. 11, 29 The present work shows that the same situation occurs in oxygen-rich p-type Si crystals. It has been found that significant broadening occurs for the Laplace DLTS signals related to hole emission from the doubly positively charged states of the V 2 O and V 3 O complexes. One of the reasons for such broadening could be an enhancement of the hole emission rates by electric field in the diodes. We have carried out a detailed study of the effect of electric field on the hole emission rates for the states related to the V 2 O and V 3 O defects. Fig. 6 shows how the electric field in a diode studied affects the hole emission rate from the doubly positively charged state of the V 2 O center. The Laplace DLTS spectra shown were measured at 55 K on an irradiated Si sample, which was subjected to isothermal annealing for 15 h at 240 C, so, nearly all the V 2 defects were transformed into the V 2 O complexes. The spectra were recorded with the application of a bias voltage of À9.5 V and two filling pulses with a 1 V difference between their magnitudes. Changes in magnitudes of filling pulses result in significant changes in hole emission rate for the V 2 O þ2 state reflecting the different magnitude of electric field in the parts of the depletion region sampled in the measurements.
On the basis of capacitance-voltage measurements the distribution of electric field in the depletion region of the reverse biased diode has been calculated. Fig. 7 shows a dependence of hole emission rate versus electric field strength, e h (E), for the V 2 O þ2 state together with the e h (E) dependencies for the doubly positively charged state of the V 3 O complex and for the singly positively charged state of the V 2 O center. The electric field only weakly influences the hole emission rate from the V 2 O þ state but significantly enhances the emission rates from doubly positively charged states of both the V 2 O and V 3 O complexes.
It has been shown in Refs. 30-32 that in the range of moderate electric fields {5 Â 10 3 (V/cm) < E 5 Â 10 4 (V/cm)}, phonon assisted tunneling is the dominant mechanism of electric-field enhancement of carrier emission for a number of deep level traps. Phonon assisted tunneling is characterized by an exponential increase of the carrier emission rate with the square of the electric field strength, e(E) $ exp(E 2 ). To check the applicability of the phonon FIG. 6 . Laplace DLTS spectra measured at 55 K for an electron-irradiated n þ -p-p þ diode on epi-Si, which was annealed at 240 C for 15 h. Dose of irradiation was 1 Â 10 15 cm À2 . The dominant peak in the spectra is related to electron emission from the doubly positively charged state of the divacancyoxygen center. The spectra were recorded using the double LDLTS technique with the following settings: assisted tunneling mechanism to the observed electric field enhancement of electron emission from the V 2 O þ2 and V 3 O þ2 states in Si, we have re-plotted the data presented in Fig. 7 within ln(e h ) $ f(E 2 ) coordinates. Fig. 8 . However, at E < 4 Â 10 3 V/cm there is a pronounced deviation from the linearity of the ln(e n ) $ f(E 2 ) dependencies for both the states. The experimental results in Fig. 8 indicate that phonon assisted tunneling can be considered as the mechanism responsible for the electric-field-induced enhancement of electron emission from the doubly positively charged states of the V 2 O and V 3 O centers in the range of electric fields from 4 Â 10 3 V/cm to 1.2 Â 10 4 V/cm. According to Refs. 30-32, this mechanism is characterized by the following dependence of carrier emission rate on the electric field strength
where E ch is a characteristic field strength, given by
where m* is the effective mass of charge carriers, e is the elementary charge of the electron, and s 2 is the tunneling time given by
where the plus and minus signs correspond to the adiabatic potential structures for on-site and autolocalized centers, respectively, 31 and T is the temperature. The time constant s 1 is of the order of the inverse local impurity vibration frequency. 31 From the analysis of slopes of the ln(e n ) $ f(E 2 ) dependencies in Fig. 8 , we have derived the values of E ch for the emissions being studied and have calculated values of s 2 in accordance with the Eq. (2). It appears that the s 2 values obtained are characteristic of centers having an on-site adiabatic potential structure and the s 1 values for the V 2 O and V 3 O defects are very close {s 1 ¼ (6-10) Â 10 À14 s}. In the range of low electric fields (<4 Â 10 3 V/cm) deviations from the phonon-assisted tunnelling mechanism of the electric-field enhancement of electron emissions have been observed for the traps studied (Fig. 8) . In this range of electric field the e(E) dependencies might be described by another mechanism rather than phonon assisted tunnelling.
It should be also noted that for the traps with a strong dependence of carrier emission rate on electric field, a significant decrease in the magnitudes of the corresponding emission peaks in conventional DLTS spectra could occur. 33 A smaller magnitude of the peak related to the V 2 O(þ2/þ) transition compared to that for the V 2 O(þ/0) transition (Fig.  2) is partially related to the effect of electric field on hole emission rate from the doubly positively charged state of the V 2 O center and, consequently, on the magnitude of the V 2 O(þ2/þ) transition. When analysing the changes in concentrations of the V 2 related peaks upon annealing (Figs. 4 and 5) we have used data for the magnitudes of the corresponding transients obtained from the Laplace DLTS measurements, which give the correct values of the magnitudes of capacitance transients.
IV. CONCLUSIONS
We have observed a clear anti-correlation between the disappearance of V 2 and the appearance of two hole traps with the activation energies for hole emission being 0.23 eV and 0.08 eV upon isochronal and isothermal annealing of electron-irradiated oxygen-rich p-type Si crystals. It is argued that these traps are related to the first and second donor levels of the divacancy-oxygen (V 2 O) complex, respectively. It has been found that significant electric-field-induced enhancement of hole emission from the second donor level of the V 2 O and V 3 O centers occurs in the diodes studied. In the range of electric field from 4 Â 10 3 to 1.2 Â 10 4 V/cm, the emission enhancement is associated with phonon-assisted tunnelling. ) dependencies fitted to the experimental data for E > 5 Â 10 3 V/cm.
